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1v. The Technol ogy Base

The technol ogy base for OTEC has inproved over the past two years.

Substantial and significant work has been acconpli shed.

The OTA report in 1978 detailed the history and background of the
devel opment of the OTEC concept. As stated in 1978, no technol ogical or
scientific breakthroughs are needed for OTEC to become a commercial reality.
However, there are still formdable engineering devel opnent challenges in
getting from the present state of developnent to many, |arge economically

conmpetitive comrercially operating systemns.

Two basic uses have been proposed: baseload electrical generation and
the power supply for manufacture of an energy-intensive product such as
anmmoni a.  These have been the nost thoroughly exanined of the potential OTEC
uses. There are conceptual designs of systems for both applications which

have changed only slightly since 1978*

Regardl ess of the design and end use, each OTEC would require an ocean
platform a heat exchanger and a cold water pipe. |If the systemwere to
provide electricity to a busbar, it would require underwater transmission
lines and a nooring system An OTEC used to produce a product such as
ammoni a woul d probably have a propul sion system enabling it to nove from
site to site, thus capitalizing on areas where the greatest differences of
tenperature exist between water at the surface and at the cold water pipe
infet. A large comercial system would be of about 400 negawatt capacity.
The present programis directed prinmarily at developing the technol ogy which

could be incorporated into future possible comercial systens.
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Wthin a logical technology devel opnent process, the construction and
operation of a pilot plant would be very desirable to fully test a total
system design under seagoing conditions. Only after a pilot plant test

program is well underway can any accurate estimtes of |ong term commerci al

econonic and technical feasibility be established. Unfortunately for such

systens as OTEC, even a pilot plant programis likely to be very costly.

OTEC technol ogy has been devel oped to the stage where a noderately

sized (10-40 MN pilot plant can probably be designed and constructed. The

most significant technical risks are in the areas of cold water pipes, heat

exchangers and electrical transmission cables. These three areas probably

need conponent tests and evaluations prior to building a conplete system for
a pilot plant. OTEC-1 will be a floating test platformintended to eval uate
heat exchangers of one megawatt* size. Qher conponent tests are also

pl anned.

OTEC devel opment work has shown substantial progress during the |ast
two years. A significant event was the operation of Mni-OTEC during the
summer of 1979 in Hawaii, showing that a small OTEC system can generate net
electrical output. The progress in fouling counterneasures and the
devel opment of heat exchangers with overall heat transfer coefficients of

about 1000 are also note-worthy.** As a result, there is now nore

confidence in the prediction of OTEC technical performance.

*

Pl ant el ectrical output.

** Large heat exchangers in standard electrical power plants usually
operate with heat transfer coefficients of less than 400.
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Figure 2
Schematic of M ni-OTEC

A Smal| Scal e System Concept Test Bed
Wi ch Operated off Hawaii During Aug.-Cct. , 1979
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The follow ng sections describe the status of the ngjor technol ogical

devel opments which make up a conplete OTEC system

Significant Acconplishnents

Significant accomplishnents in the OTEC program have been the operation

of Mni-OTEC and technical progress in understanding fouling and keeping

heat exchanger surfaces clean.
M ni - OTEC

The M ni-OTEC program was a joint venture costing about $2.5 mllion
between the State of Hawaii, Dillingham Corporation, and the Lockheed
M ssile and Space Conpany with the US. Navy furnishing the barge for the
program  Mni-OTEC s purpose was to generate net power according to the
tenmperature difference between the warm and cold water resource. This was
considered by many to be and the proof of principle for an OTEC system  The
cold water pipe was fabricated of 24-inch dianeter polyethylene in a length
of 2150 feet. It started operation in August 1979, and ran for a period of
about 2 nonths. During this tine, the Mni-OTEC plant operated for 2 weeks
continuously and net its design goal of 50 to 55 kilowatt gross electrical
power with 10 to 12 kilowatt net electrical power output. The 40 kilowatt

difference was used to power punps and other auxiliaries. Heat exchangers

were fabricated of titanium and were of the plate type design. Al though
this was essentially a private venture, it benefitted from a conbination of

technol ogy devel oped under government sponsorship and off-the-shelf

conmerci al har dwar e. 14

Progress in Understandi ng Bio-Fouling

Anot her acconplishment in the OTEC program during the last three years



17
was progress in the field of mcro-fouling (slime formation on heat

exchanger elerments). The OTEC program has recognized the inportance of
bi o-fouling, corrosion, and the selection of materials for establishing the
feasibility of the entire OTEC system It was recognized early that the

selection of nmaterials would significantly affect cost and perfornmance of

the entire OTEC system

As a result of the work done during the last two years, considerably

more know edge is available regarding micro-fouling and its accunulation for

the design of heat exchangers for |ong-range operation and high performance.
Information is available on a variety of cleaning methods for both the
mechani cal and chemical systens. In addition, ultrasonic cleaning nethods

are being investigated. Consequently, it appears that for some designs

mcro-fouling can be overcome by appropriate counterneasures. 15

Status of QOTEC Conponent Devel opnent

Pl at f or ns

O the various OTEC conponents, the platform represents relatively few
technol ogi cal problens. The platform for a 100-400 MW commercial OTEC power
plant is approximately the sane size as very large oil drilling platforns.
The building material can be reinforced concrete or steel; such platforms
have been built in a nunber of industrial countries. Thus, the size and
design of the platform does not represent new concepts or technol ogy.
However, long-life and survivability represent factors which require
additional attention. The station-keeping and mooring will require specific
data and designs for a site. A system for mooring large comercial plants

in deep water is beyond the state-of-the-art and engineering devel opnent may
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be required. Nunmerous engineering studies of platforns and noorings have
been conpleted over the past few years; however, except for Mni-OTEC and

OTEC-1 testbeds, none have been constructed. ™

Cold Water Pipe

The fabrication, deploynent, and connection of the cold water pipe to
the platformw |l require a substantial engineering effort. For the
M ni - OTEC plant, the 24 inch polyethylene cold water pipe perfornmed
satisfactorily. It can also be expected that for OTEC pilot plants, in the
10 to 40 negawatt range, the cold water pipe may not be a insurmountable
problem  However, for large plants (400 MN where the cold water pipe can
be approxi mately 100 feet in dianeter and up to 3000 feet long, it wll be
considerably nore difficult to design and build a pipe which can be
subjected to movements in all three axial directions and in rotation about
several axes. A substantial ampunt of work is presently being undertaken
for cold water pipe design and analysis. Several configurations and
materials have been proposed as feasible candidates. However, long lifetine
requirenents and survivability are presenting uncertainties for the large
pipes. Dynanmic |oadings on the pipe due to wave action and stresses due to
pl atform notions are recogni zed as problenms affecting pipe design. At this
tine, rigid materials such as reinforced concrete and steel are being
anal yzed together with nore conpliant naterials such as a variety of
plastics with reinforcements and possibly nylon-reinforced rubber. It is
also quite possible that the design of the cold water pipe will be
| ocati on-dependent, simlar to the cooling water discharge pipes fromthe
condensers of existing central station power plants. Considerable physical

oceanographic data will be required to optinize the location of the OTEC
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plant to determne the best cold water pipe design. once a successful
design for the cold water pipe has been established, there will be a need
for production engineering and the establishnent of manufacturing facilities
for the cold water pipe. Pipe materials will be an inportant consideration
and their selection may be affected by size and volune. Advanced handling
procedures will be needed for the large cold water pipes. It wll be

important to undertake ocean testing of the cold water pipe. 17, 18

Heat Exchanger

The heat exchanger for the closed cycle OTEC plant represents the nost
i mportant conponent because of its size, weight, and cost. Avariety of
designs have been proposed and tested. Sone of these units are of the shel
and tube type with the sea water inside the tubes and the evaporating
ammoni a on the shell side. Various types of heat transfer enhancenent
techni ques, such as flutes to promote l|ocal turbulence, have been anal yzed
and tested on both the water and ammonia sides of tubular heat exchangers.
Pl ate heat exchangers have also been tested with amonia side enhancenent.
As a result of the many analytical and experinental data which have been
accunul ated during the last two years, substantial progress has been nade.
An OTEC heat exchanger with a total heat transfer coefficient of about 1000
can be expected in a nodern heat exchanger design. This type of design
woul d have no system to enhance heat transfer on the water side so that it
can be easily cleaned for fouling purposes. This total heat transfer
coefficient is about two to three times the value attainable two or three
years ago. If the heat exchanger has no enhancement on the waterside there
iS no increase in punping power. It can be expected that the same high heat
transfer coefficient will be achieved with the plate and fin type heat

exchanger, The experimental confirmation of the high heat transfer
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coefficient performance is a significant advancement in heat exchanger
t echnol ogy. If a chemical fouling counternmeasure is used, then additiona
enhancenent on the waterside can be used, possibly further increasing the

overall heat transfer coefficient.

At this time, titanium prom ses the greatest reliability for an OTEC
heat exchanger. Stainless steel and alum num offer opportunities for |ess
expensi ve heat exchanger materials and also result in |lower fabrication
cost. However, additional studies and experimentation are needed for these
materials to guarantee the sane reliability and long life as titanium when

subjected to the anti-fouling counterneasures.lg’ 20

QG her working fluids besides ammonia have been suggested. These
i nclude various conbinations of hydrocarbons and freons. For these fluids
copper-nickel could be used in the heat exchanger and thus the problens of
fouling and corrosion would be substantially reduced. Some basic work on
additional fluids may be justified so that large potential changes in
performance are not overlooked. Plastic heat exchangers have been
suggest ed. Such units may offer the potential of [ower cost. However it may
take several years for these new materials to neet all the tests for
endur ance. overal |, considerable progress has been made in heat exchanger
design and performance. Its technical performance can now be estimated with
greater confidence than before. Long-range devel opment of a |ower cost heat
exchanger material will be desirable. Additional tests to optimize cleaning
met hods will be needed to minimze the cost of cleaning while meeting

performance and environnental requirements
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Power System Conponents

The power turbine is a conponent which has received only linited
attention. This appears justified in view of such major problens as heat
exchanger design and fouling. However, the power turbine with ammnia as a
working fluid in the sizes contemplated for a commercial plant has never
been built. Since the heat of evaporation for ammonia and the enthal py drop
through the turbine are considerably |less than those of existing steam power
turbines, there may be a need to study turbine stability as well as turbine
control . In addition, it nmay be desirable to study the effects of ammonia

| eaks on the entire power plant system

Punps may require special attention because they will deliver l|arge
amounts of salt water against a relatively low head. |t has been proposed
to have two or nore of these punps operating in parallel. Such high
specific speed punps nmay be difficult to operate satisfactorily in parallel
unl ess they are provided with a special control system The punps and their
power requirenents critically affect a total power demand to start the OTEC
plant. Considerable attention nust be given to the starting requirenents of

the OTEC plant and the associated power supply.

A nunber of alternative power cycles have been investigated. They
include the open cycle, hybrid cycle, the foam cycle, and the m st cycle.
The open cycle has sone nmerits for small units and its ability to supply
fresh water and should be pursued. However, substantial support of the
other cycles appears no longer justified because after considerable |ength
of study their technical and econom c success is very much in doubt. Sonme
other innovative power cycles may be pursued as long-range research projects

until their technical feasibility and potential econonic benefits are
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credi bly evaluated. The problem of such long-range R&D) is the lack of a
central evaluation authority. There could be benefits to investigating
cycles which require smaller amounts of cold water per nmegawatt of

electricity or systems which will reduce fouling. 21, 22, 23

El ectrical Power Transm ssion Cables

Prior studies by the Ofice of Technology Assessment on the OTEC
Program pointed out the state of art of underwater electrical power
transmission citing exanples of technology used in Norwegian waters. These
comerci al devel opments have not extended that technology to what is
required for OTEC, nor is it expected that a commercial need will arise for

such extended technol ogi cal devel opment separate from OTEC

The analysis of potential power cable failure nodes have been
undertaken by the Sinmplex Wre and Cable Conpany as well as Pirelli Cable
Systenms, Inc. both of which have considerable experience in the design and
fabrication of underseas cables. Several designs have been prepared for
overcomng the severe problens associated with the riser cables and two
prototype cables incorporating different insulation techniques are being
manuf actured for ultimte application to the 10-40 MN pilot plant. Three
cabl es of about 6inches diameter each will be required. The prototypes
have to undergo extensive testing and if failures occur, will have to be
redesigned and recycled through testing. The whole process of design,
testing, redesign, retesting, preparation of manufacturing specifications,
manuf acturing engineering, and further |aboratory and field testing of the
cables to assure long life will take a mnimmof 3to 4years. Pl ant

modi fications for full cable length manufacturing and the associated detail

manuf acturing engineering can then proceed followed by the actual
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fabrication for a 100-400 MV OTEC.  Manufacturing sanples of the early cable

runs may well have to undergo further tests.

Thus a major devel opnent effort will be required to provide highly
reliable underwater power transnission cables to connect 100400 MN of fshore
OTEC power plants to onshore consumers. Technologically , this cable must be
considered as two distinct parts: the ocean floor cable that runs from
shore to the OTEC site and the riser cable that connects the OTEC plant to
the ocean floor cable. The ocean floor portion will require fewer
t echnol ogi cal advances as conpared to the riser cable. Deeper depth
operating capability than present experience (1000 mto 1500 mas conpared

to 550 m) will probably be achieved for the ocean floor cable w thout major

difficulty.

The technol ogi cal advances required however for developing a long life
riser cable are considered to be significant. The riser cable will be
subject to continual accelerations induced by the platform nmotion in
response to the sea as well as its own response to ocean conditions. These
accel erations, pressures differentials, and specific weight and other
physical differences of the various elenents of the riser can result in
early failure of the insulation. The devel opment of reliable splicing
techni ques for connecting the riser to the ocean floor cable and for repairs
will also require devel opnent and extensive life testing. A further
conplexity will be introduced for transmission lines that are over 50mles
long (most Qulf of Mexico sites fall within this category). These
transmission lines will probably have to be designed for very high voltage
DC rather than AC to mininize power |osses. This will affect the selection

of insulations as well as the internal cable construction. In view of the
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foregoing, it will be necessary that the cable design take into account

system aspects such as expected sea conditions, Platform novenent and cabl e
| aying techniques and capability, as well as the techniques of attachnent of
the riser cable to the platform  Concepts of integration of the riser cable

with the platformcold water pipe will have to be weighed against

repairability , maintenance requirements, and technological trade-offs.

If several OTEC plants are to be installed within the next decade there
may not be enough cable manufacturing facilities in the United States or
possibly in the world to provide enough cables for the OTEC prograns. New
cable manufacturing facilities in a coastal area may be needed together with
the requirenents for cable laying ships or barges. Wth nodern engineering
methods it may be possible to substantially reduce the cost of cable

manuf acturing and cable laying. 24, 25 26, 27

OEG- 1

The OTEC-1 floating test facility will begin at-sea operations in June
of this year. Converted froma Navy type T-2 tanker by d obal Marine
Devel opnent, Inc., it is a test facility designed to evaluate heat exchanger
conponents. OTEC-1 includes a cold water pipe, punps, and an anmonia
evaporation/condensation loop. The cold water pipe consists of a bundle of
three 48 inch dianeter polyethylene pipes each 2100 feet long with a steel

cable running through to a weight on the bottom

The first heat exchangers to be tested on OTEC-1 are one megawatt,
conventional titanium shell-and-tube designs for evaporation and for
condensing furnished by TRWunder contract to DOE. Each is about 50 feet

long by 10 feet in diameter and contains 6,000 tubes. Followi ng 89 nonths
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allocated to tests on this design, it is planned that the ship will be
returned to port, the heat exchangers renoved, and up to four smaller 0.2

megawatt units of advanced design installed for tests.”

The actual expenditures for the design and conversion of OTEC 1 are now
projected to be about $7 mllion nore than the original budgeted amount of
$33 mllion. This was caused by a number of factors including difficulties
encountered after the nothballed tanker was carefully inspected to see which
systens needed replacement. Such an overun is not unusual in |arge
engi neering devel opnent projects and it mght be expected that future
overuns could occur when the nuch more difficult OTEC technol ogy devel opnent

and testing work is undertaken.

To what extent the results of OTEC-1 tests are necessary for the design
and construction of a pilot plant is a matter of considerable debate. At
present, it is not possible to determ ne because DCE has not defined which
pilot plant concept or strategy they w sh to pursue. If a concept for a
pilot plant had been selected, a |ogical program of conponent testing aboard
a test platform could be developed. For some pilot plant concepts OTEC 1
may have limted usefulness. For others, conmponent testing could include

heat exchangers, cleaning nethods, parts of cold water pipes and electrical

riser cables. It now appears that only one type of heat exchanger, which
may or may not be suitable for a pilot plant, wll be tested on OTEC-1 prior

to FY 82.

It is too early to report any acconplishments fromthe OTEC-1 test

platformbut it appears that nost of the hardware has been built on schedul e

and by 1981 sone initial at-sea heat exchanger test results should be

avai | abl e.
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Autumm, 1979.
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Pilot Plant Design for an OTEC Powered Ammonia Plant

A conceptual integrated design of a 40 negawatt pilot plant has been
conpl eted under contract to DCE by the Applied Physics Laboratory of Johns
Hopkins University using the APL plant ship concept. This design calls for
a concrete platform approximtely 450 feet long of almst 100,000 tons
di spl acenent. It’s four modul es woul d generate 10 nmegawatts each. A
l'i ghtwei ght concrete cold water pipe 30 feet in diameter and 3,000 feet |ong
with four cold water pumps is proposed. The design can be either a noored
plant with an electrical cable to shore or a grazing plant and include an
ammoni a conversion plant. The Johns Hopkins Applied Physics Lab is now
conpleting a report on this design which includes a conplete system concept
design. Heat transfer tests of sonme |aboratory conducted ultra-sonic
cleaning tests of the heat exchanger indicates promsing results. A section
of the cold water pipe is being fabricated for test. APL has estimated the
cost of a 40 MW pilot plant with no profit or contingencies to be $140 -

$160 million, 22

Ammoni a Conversi on/ Fuel Cells

The prospect for developing an OTEC system for operating in the
tropi cal coceans has led to design studies of amonia conversion systens for
these plants and of fuel cells which may be powered by ammoni a produced by

t hese plants.

APL's first OTEC Plant Ship concept used the solid polymer electrode
(SPE) electrolysis systemto produce hydrogen from seawater. The cells use
electricity to manufacture hydrogen at voltages of 16to 1.9 volts (direct

current). 30
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Currently, General Electric has a 50 KWunit for generating electricity
from hydrogen operating in the |aboratory. The electrodes on these cells
are made of platinum and bl ends of other noble metals. They have in sone

i nstances operated over 20,000 hours with negligible deterioration. CE is

working on ways to reduce the noble metal content of the cell electrodes. 31

Avery has published a paper including cost estimates for an
ammoni a- OTEC fuel cell cycle using SPE cells. The paper clains a 50-55%

efficiency of the SPE fuel cell cycle using present systems going up to 60

to 65% achievable at low current densities with further R&D effort. Wiile
such systens may be possible in the future, considerable R&D effort will be

needed. 32

Sea Sol ar Power- Pl ant Designs

A sonmewhat different approach to OTEC plant design has been suggested
by Sea Solar Power, Inc. of York, Pennsylvania. They have concentrated R&D
attention on a system using a hal ocarbon instead of anmonia as a working
fluid and incorporating their patented high performance heat exchanger.
They have built and tested a small working nodel and have prepared a
conceptual design for a 100 negawatt plant. Mich of their work has been
funded internally. Some of their concepts deserve devel opment attention in
future OTEC designs because breakthroughs in heat exchangers could be the

most significant factor for future economc viability.33



